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Abstract
An LWD acoustic wave can move the excess charge in the electric double layer along the
borehole wall to generate a streaming electric field. This thesis is an experimental and
theoretical investigation of the electric field induced by the multipole LWD acoustic wave.
The main goal of this thesis is to understand the mechanism in the seismoelectric
conversion under the LWD geometry and prove the absence of the tool mode in the
LWD-acoustic-wave induced electric signals.
In this experimental study, we measured the seismoelectric signals excited by an acoustic
multipole source in the scaled logging-while-drilling model. We put the scaled tool in a
sandstone borehole to perform LWD seismoelectric and acoustic measurements. Monopole
and dipole acoustic and the induced electric signals were recorded separately under exactly
the same settings. The recorded acoustic and seismoelectric signals were analyzed in both
time and frequency domains using a semblance method.
We found no tool mode components in the electric signals by examining both the
waveforms and the time and frequency domain semblances. The underlying mechanism is
the electric double layer (EDL) at the steel water interface is much weaker than the one at
the formation water interface. Thus, in the LWD seismoelectric signal, there should be no
component with an apparent velocity of tool mode. Since only formation acoustic modes
have their corresponding components in the electric signal, we calculated the coherence of
the two kinds of signals in the frequency domain. By applying the coherence curve to filter
the acoustic signals, we can eliminate the tool modes and pick out the formation acoustic
modes.
In the theoretical study, we developed a Pride-theory-based model for the
LWD-acoustic-wave induced electric field. The electric field strength is calculated at the
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electrode positions along the borehole wall, analogous to what was done in the experiment.
The electric boundary conditions, which are the continuity of the electric field at the
borehole wall and disappearance at the LWD tool surface, reveal the underlying mechanism
in the LWD sismoelectric conversion which is also the basis of our lab experiment. The
absence of the tool modes in the synthetic waveforms of the electric field coincides with
what we have observed in the experimental study.
Both the experiment and the theoretical results confirm that measuring the seismoelectric
signal generated by an acoustic multipole source during the LWD process can be an
effective way to eliminate the tool wave contamination on the LWD acoustic measurements.
This thesis research shows that seismoelectric logging-while-drilling may be a potential
new method in formation property evaluation.
Thesis supervisor: M. Nafi Toksoz
Title: Professor of Geophysics
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Chapter 1
Introduction
1.1 Objective
Borehole acoustic logging-while-drilling (LWD) for formation
evaluation has become an indispensable part of hydrocarbon reservoir
assessment, especially in deepwater exploration and development settings
(Tang et al., 2002; Citti et al., 2004; Esmersoy et al., 2005). However, the
detection of acoustic formation arrivals over tool mode contamination has
been a challenging problem in acoustic LWD technology. This is because the
tool mode contamination in LWD is more severe than in wireline tools in most
geological environments (Tang et al., 2002; Huang, 2003).
In this thesis we propose a new method for separating tool waves from
formation acoustic waves in borehole acoustic LWD. This method utilizes the
seismoelectric 2 signal induced by acoustic pressure at the fluid formation
boundaries.
1 In this thesis, acoustic LWD measurement or signal is composed of formation acoustic
waves (modes or arrivals) which are the waves propagating along the formation and tool
waves (modes) which are waves propagating along the tool.
2 Seismoelectric signal refers to the electric field induced by seismic (acoustic) waves.
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The basis for seismoelectric conversion is the stronger electric double
layer (EDL) that exists in most rock water systems (Ishido and Mizutani, 1981;
Pride and Morgan, 1991; Loren et al., 1999). The EDL at the steel water
interface of the tool, on the other hand, is rather weak (Hunter, 2001). In
addition, the drilling string attached to the LWD tool is effectively grounded in
field LWD operations. Therefore, there should be no contribution by the tool
modes to the recorded seismoelectric signals.
Although borehole seismoelectric phenomena have been studied by
several authors (Thompson and Gist, 1993; Zhu, 1997, 2003; Haartsen, 1995,
1997; Mikhailov 1998, 2000) in recent years, the seismoelectric signal
generated in the LWD process and their potential applications have not been
investigated. This thesis represents the first attempt in this direction of
research. We first designed physical LWD experiments in the lab to collect
simulated LWD monopole and dipole acoustic and seismoelectric signals in a
sandstone borehole. By analyzing the acoustic and electric signals in the time
and frequency domains, we can observe different signal content, which are
mainly tool modes and noise. Then we applied a coherence method to pick out
the common arrivals of the acoustic and seismoelectric signals, which is the
pure formation modes. This method also has the side benefit of reducing the
noise level in the acoustic LWD recording. This is very important for an actual
field environment where the LWD recordings tend to be noisy.
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To theoretically understand the seismoelectric conversion in the LWD
geometry, we also calculate the synthetic waveforms for the multipole LWD
seismoelectric signals based on Pride's theory (Pride, 1994). The synthetic
waveforms for the electric field induced by the LWD-acoustic-wave along the
borehole wall demonstrate the absence of the tool mode, which is consistent
with the conclusions we get in the experimental study.
Before entering into the main body of the thesis, it is necessary to begin
with a review of the fundamental physical mechanism of seismoelectric
conversion and the basic operations of logging-while-drilling. These are
accomplished in the next two sections. The last section of this chapter
summarizes the main conclusions of this thesis research.
1.2 Seismoelectric phenomena and their geophysical
application
1.2.1 Electric double layer (EDL)
When water is in contact with rock, an electric charge separation occurs
at the interface: one side of the interface being positively charged and the other
negatively. Such a system is called the electric double layer. Among several
possible models of the electric double layer, the Gouy-Stern model, which has
been improved by many authors, is generally accepted (Dukhin and Derjaguin,
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1974; Bockris and Reddy, 2000). This EDL model can be described in a
simplified way as follows.
When a fluid electrolyte comes into contact with a neutral solid surface,
anions from the electrolyte are chemically absorbed to the wall leaving behind
a net excess of cations distributed near the wall. The region is known as the
electric double layer and is schematically depicted in Fig 1.1 (Pride and
Morgan, 1991). The first layer of cations is bound to the anion / solid surface
through both Van-der-waals and electrostatic forces. They are bound so
strongly that they are assumed to be immobile. The partially fixed part of the
EDL is called the Stern layer and is, in general, further divided into two layers;
one is the inner Helmholtz plane (IHP) and the other is the outer Helmholtz
plane (OHP). Beyond this first layer of bound cations, there is a diffuse
distribution of mobile cations whose position is determined by a balance
between electrostatic attraction to the absorbed layer and diffusion toward the
neutral electrolyte. This diffuse part of the EDL is called Gouy diffuse layer.
The Gouy-Stern is therefore a composite of a Stern layer and a Gouy diffusion
zone. The separation between the mobile and immobile charge is called the
shear plane. The zeta potential, , is the electric potential at the shear plane,
and the electric potential in neutral electrolyte (no excess charge) is defined to
be zero (Pride and Morgan, 1991; Bockris and Reddy, 2000).
It is normally assumed that the diffuse distribution of mobile charge alone
gives rise to the electrokinetic phenomenon and the absorbed layer does not
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contribute to the electrokinetic phenomenon. The only role of the immobile
charge absorbed onto the surface is to fix the value of the electric potential at
the shear plane (the zeta potential). The zeta potentials are usually obtained in
experimental studies. This zeta potential is the quantitative index of intensity
for the EDL and differs in different material-electrolyte systems. There are
numerous phenomena in which the two layers adjacent to the shear plane
move with respect to each other. Examples of these 'electrokinetic
phenomena' are: electro-osmosis, electrophoresis, and streaming potential
(Ishido, 1981; Bockris and Reddy, 2000; Reppert et al., 2001). The zeta
potential is fundamental in all these kinetic phenomena.
0000000000 AL
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Fig 1.1 Sketch of the double layers in the planar duct. AL=absorbed layer (or Stern or
Helmoholtz or immobile layer), SP=shear plane,DL=diffuse layer (or Gouy or mobile layer). The
shear planes are located at x = +d (Pride and Morgan, 1991).
1.2.2 Electrokinetic conversions in fluid-saturated porous media
- 16-
When seismic waves propagate through a fluid-saturated porous media,
a relative fluid-solid motion is generated (the motion of pore fluid with respect
to the solid matrix). This pore fluid relative motion in rocks will induce a
streaming electric field due to the electrical charges concentrated in the electric
double layer (EDL) (Pride and Morgan, 1991; Mikhailov, 1998).
Previous studies have shown that two kinds of seismoelectric
phenomenon can occur when a borehole seismic wave propagates along a
permeable formation. One is a localized electric field induced by the pressure
front of the propagating borehole seismic wave. This seismoelectric
phenomena has been observed in laboratory experiments (Zhu and Toks6z,
1997) and later been theoretically modeled (Hu et al., 2000; Hu and Liu, 2002;
Markov and Verzhbitskiy, 2004). The second seismoelectric phenomenon is an
electromagnetic wave generated when a seismic wave hits an interface of
different electrical and/or mechanical properties. The contrasting properties
could be changes in physical properties (e.g. porosity, bulk, and frame moduli),
changes in fluid flow permeability, or changes in fluid-chemistry (e.g. bulk
free-ion concentration, PH). The EM waves generated by Stoneley waves at an
isolated fracture have been observed in laboratory experiments (Zhu and
Toks6z, 1998). The seismoelectric conversions due to mechanical contrasts
and electrical property contrasts have also been theoretically studied (Haartsen,
1995).
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Conversely, when an electric field induces relative motion of the free
charges in the pore fluid against the solid matrix, the interaction between the
pore fluid and the solid matrix generates an electroseismic wave. This process
is the electroseismic conversion (Thompson and Gist, 1993; Pride and
Haartsen, 1996). The electroseismic waves have been observed in laboratory
experiments (Zhu et al., 1999) as well.
1.2.3 Geophysical applications of the seismoelectric phenomena
1. Measure the streaming potentials in situ
Streaming potential measurement has important applications in oil
exploration and environmental geophysics (Segesman, 1962; Segesman, 1980;
Sprunt et al., 1994). In oil exploration, it is measured as a part of the
Spontaneous Potential (SP) log to identify permeable zones. In the
environmental and engineering fields, the streaming potential surveys can
provide information on the location, flow magnitude, and the depths and
geometries of subsurface flow paths. A number of theoretical and laboratory
studies have shown that streaming potentials can be used to characterize
porous rocks (Fitterman, 1979; Sill, 1983). Theoretical studies have related the
streaming potential coupling coefficient to the salinity and conductivity of the
pore fluid and to the pore geometry of a medium. Pride (1994) also proposed a
generalized theory for frequency-dependent streaming potentials in porous
media. His model relates the frequency behavior of the streaming potential
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coupling coefficient to the permeability. Seismoeletric phenomena provide us
with a good method to measure the streaming potentials with a controlled
source. Both the amplitude of the seismic wave and the induced electric signal
can be measured and then utilized to estimate the streaming potential
coefficient in situ to characterize rock formation (Mikhailov, 1998).
2. Characterize fluid flow property of rock formation
A number of logging methods (e.g., nuclear, nuclear magnetic resonance,
Stoneley wave attenuation, etc) are currently used to characterize fluid
transport properties of rock formations (Desbrandes, 1985). Recently, the
borehole seismoelectric method has become a new method for characterizing
fluid flow properties of a rock formation. The advantage of borehole
seismoelectric logging over existing formation evaluation methods is the use
of a known pressure gradient to detect the resulting flow of pore fluid
(Mikhailov, 1998, 2000).
The idea of using borehole seismoelectric measurements to characterize
rock formations was proposed by Ivanov in 1940s but not implemented in the
field until 1996 (Mikhailov et al., 1996). In 1998, the Biot-theory-based (Biot,
1941, 1956, 1957, 1962) model developed by Mikhailov et al. predicted that
the normalized amplitude of the Stoneley-wave-induced electrical field is
proportional to the porosity, and the amplitude-versus-frequency behavior of
the electric field depends on the permeability of the formation around a
borehole. Agreement between the field measurement in fractured igneous
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rocks and sedimentary rocks with the theoretical model suggests that
borehole seismoelectric measurements can be used to characterize permeable
formation in the field.
1.3 Acoustic logging-while-drilling (LWD)
1.3.1 Development of acoustic logging-while-drilling
Acoustic logging-while-drilling (LWD) technology was developed in
the 1990's to meet the demand for real-time acoustic logging measurements
for the purpose of providing seismic tie or / and acoustic porosity and pore
pressure determination (Aron et al., 1994; Minear el al., 1995; Market et al.,
2002; Tang et al., 2002; Citti et al., 2004). As compared with wireline
logging LWD has the advantage of measuring properties of a formation before
drilling fluids invade deeply into it. Further, many wellbores prove to be
difficult or even impossible to measure with conventional wireline tools,
especially highly deviated wells and deepwater wells. In these situations, the
LWD measurement ensures that some measurements of the subsurface are
captured in the event that wireline operations are not possible or become too
expensive.
The LWD acoustic technology aims at measuring the compressional and
shear wave velocities of an earth formation during drilling (Tang et al., 2002).
Fig 1.2 is a schematic view of an LWD multipole acoustic source built into a
- 20-
drill collar. The LWD apparatus, with sources and receivers located close to
the borehole wall and the drill collar taking up a large portion of the borehole,
have some significant effects on borehole acoustic modes. Therefore,
modeling wave propagation in the LWD environment has been the focus of
several recent studies. The velocity dispersion characteristics for the formation
and tool acoustic modes in LWD situations have been well studied by Rao et
al., (1999, 2005) and Tang et al. (2002). The case of an off-center tool has
been studied by Huang in 2003.
1.3.2 Issues with LWD acoustic measurement
The actual LWD measurement is complicated by several factors. One
major influence is the noise caused by drilling and drilling mud circulation.
The various vibrations of the drill string in its axial, radial, lateral, and
azimuthal directions, together with the impact of the drill string on the
borehole wall and the impact of the drill bit on the formation, generate strong
drilling noise. Field measurements (Joyce et al., 2001) have shown that the
frequency range of this noise influences the frequency range of the
measurement of shear wave velocities in slow formations. The second problem
is the impact of tool waves. The tool waves are strong in amplitude and always
exist in the multipole LWD measurements. All these noise sources
contaminate the true formation acoustic waveform, causing difficulty in the
recognition of formation arrivals. When the tool is not perfectly centered the
-21 -
tool modes become even more complex. Because of the complexity of collar
movement during drilling, tool centralization is essentially unlikely. An
off-centered quadrupole source inevitably generates some monopole and
dipole components to excite tool waves along the collar (Tang et al., 2002). It
is the difficulty in characterizing and removing the source of the noise that has
motivated the research in this thesis.
Monopole Dipole Quadrupole
Fig 1.2 Azimuthal wave-amplitude variation pattern for the monopole, dipole and quadrupole
sources in connection with the LWD model (Tang et al., 2002).
1.4 Thesis outline and summary of results
In this thesis, borehole monopole and dipole LWD acoustic and
seismoelectric phenomena are first investigated by experimentally obtaining
the data in the lab followed by performing a series of analyses and
comparisons. Then theoretical modeling of the LWD-wave-induced electric
field along the borehole wall, which is made of a homogenous, elastic
formation, is accomplished. From the theoretical calculation, we can better
- 22 -
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understand the mechanism in the LWD seismoelectric conversion and further
prove the absence of the tool modes in the LWD seismoelectric signals. The
main thrust of this thesis is the utilization of the difference between acoustic
and seismoelectric signals to eliminate the tool waves in the acoustic LWD
data.
In Chapter 2, we first introduce the various acoustic wave modes
existing in monopole and dipole LWD by calculating the theoretical velocity
dispersion curves. We then review the seismoelectric signals that can be
generated by the acoustic wave in the borehole based on previous studies.
Afterwards, we describe the experimental setup, equipment, and borehole
models used for the laboratory LWD acoustic and seismoelectric
measurements.
In Chapter 3, we present and analyze our recorded acoustic and
seismoelectric signals. First we describe the array processing methods applied
to the experimental data in the time and frequency domains. Then we
demonstrate a noise reduction technique used to enhance the signal to noise
ratio for the seismoelectric data. We then study the acoustic properties of our
scaled multipole tool by exciting the tool wave in a water tank, in the absence
of a formation. We will identify the various monopole, dipole acoustic wave
modes of different velocities and examine their dispersion properties by
comparing the frequency domain semblance with the theoretical dispersion
curves calculated in Chapter 2. For the seismoelectric study, we will
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experimentally demonstrate that the seismoelectric signal generated by the tool
wave at the steel-fluid interface is indeed fairly weak due to the low intensity
of the EDL at the steel-fluid interface.
Another focus of Chapter 3 is to study the difference in information
content between the LWD acoustic and seismoelectric signals. The
comparison shows that there is no tool wave velocity component in the LWD
seismoelectric signal because the EDL at the steel-fluid interface is very weak
and the tool is effectively grounded during the actual LWD process. After
attaining that conclusion, we calculate the coherence curve for the LWD
acoustic and seismoelectric signals in frequency domain. The high-coherence
frequency band corresponds to the formation acoustic modes. Conversely, the
low coherence frequency range corresponds to the tool modes and noise. Thus,
we can utilize the LWD seismoelectric signal to separate the tool waves from
the formation arrivals in acoustic signals by simply applying a filter obtained
from the correlation function between the seismoelectric and acoustic signals.
In Chapter 4, we develop a Pride-theory-based model for the
LWD-acoustic-induced electric fields. The electric field potential and
streaming current densities both along the borehole wall and within the
borehole are determined once the acoustic field is known. The electric field
boundary conditions - the continuity of the electric field potential and the
radial streaming current density at the borehole wall; the vanishing of the
electric field at the LWD tool surface - reveal the basic mechanisms in the
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LWD seismoelectric conversion. The acoustic pressure is calculated at the
receiver transducer positions along the LWD tool rim. The electric field
strength is calculated at the receiver electrode position along the borehole wall
similar to the laboratory experiment. Synthetic waveforms are calculated by
using the same borehole geometry and medium parameters scaled to the lab
experiment borehole, which is a fast formation. The same kind of calculation
is also made in a slow formation. The various monopole and dipole modes can
be recognized in the waveforms and in the time domain semblance. The time
derivative of the acoustic pressure can match the electric field strength very
well to show the / 2 phase shift (as shown in equation 4.4). Most important
is the absence of the tool modes in the LWD synthetic waveforms which is
consistent with our experiment results.
The main contributions of this thesis are:
1. The study of the borehole seismoelectric phenomenon in the LWD
geometry, it is the first recognition of the potential benefit of simultaneous
LWD acoustic and seismoelectric measurements. The experimental procedure
and results show encouraging signs for further development of LWD
seismoelectric measurements.
2. This thesis presents a new method in tackling the long existing LWD
acoustic logging problem of tool wave contamination on the formation
acoustic waves by utilizing the mechanism of seismoelectric conversion.
-25 -
3. The correlation of the LWD seismoelectric signal and the acoustic
signal provides a filter to remove the tool modes and preserve the formation
acoustic wave modes. Another benefit of this method is the reduction of the
noise level in LWD acoustic measurement.
4. The theoretical modeling of the LWD-acoustic-wave induced electric
field reveals the basic mechanism in the LWD seimoelectric conversion. The
synthetic LWD electric waveforms confirm the absence of tool modes, which
is consistent with the experimental results.
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Chapter 2
LWD acoustic and seismoelectric
measurements in a scaled laboratory
experiment
In this Chapter we discuss the experimental setup for our laboratory
monopole, dipole LWD acoustic and seismoelectric measurements. First, we
establish the monopole and dipole LWD acoustic modes in the lab borehole
and tool geometry by calculating their theoretical dispersion curves. We then
describe the mechanism of seismoelectric conversion in a fluid-filled
borehole, especially under the multipole acoustic LWD excitation. After
these theoretical introductions, we describe the experimental setup for the lab
measurement. This includes the structure of the scaled multipole tools and
their working combinations, the borehole models, and the laboratory
measurement procedure.
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2.1 Acoustic multipole source in fluid-filled borehole
The use of axially symmetric sources such as a monopole source and
axially non-symmetric sources such a dipole source has become routine in
acoustic logging (Schimitt, 1986, 1989; Schimitt and Cheng, 1987; Chen and
Eriksen, 1991; Tang and Cheng, 1993; Tang and Wang et al., 2002). Different
types of acoustic sources can generate borehole acoustic waves with different
particle displacement patterns and dispersion characteristics. To construct a
multipole source of order n, 2n point sources are distributed periodically in
a horizontal plane along a circle of radius r and alternate in sign as shown in
Fig 2.1.
+ +
monopole dipole qadrupole
Fig 2.1 Monopole, dipole and quadrupole source
The displacement potential field of a point source can be obtained by
solving the wave equation in the fluid. To synthesize the wave field due to a
multipole source, we could sum the wave fields due to each source (Biot, 1952;
Peterson, 1974; Roever et al., 1974; Tsang and Rader, 1979; White, 1983;
Kurkjian and Chang, 1986). By constructing the acoustic wave field in the
borehole and matching the boundary conditions at the fluid-solid interface, we
can obtain the response of the formation to the multipole sources.
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2.2 Borehole acoustic modes in logging-while-drilling
The need for measuring formation acoustic properties during drilling
calls for modeling wave propagation in the LWD environment (Tang et al.,
2002). Understanding the LWD acoustic-wave phenomena can help the design
of an LWD acoustic tool as well. We can calculate the wave velocity
dispersion curves for all the modes in LWD by using the acoustic wave theory
for a multi-layered system (Tsang and Radar, 1979; Cheng and Toks6z, 1981;
Tang and Cheng, 1993; Hsu et al., 1997; Nolte et al., 1997; Rao et al., 1999,
2005; Tang and Cheng, 2004). The model parameters of our laboratory tool
and the borehole, which is in a fast sandstone formation, are shown in table 2.1.
The tool ID is 0.04m, tool OD is 0.10m and borehole radius is 0.17m. By
examining the phase velocity curves as a function of frequency for the various
wave modes as shown in Figs 2.2 and 2.3, we can observe the modal excitation
of acoustic monopole and dipole sources.
P-velocity S-velocity Density Outer radius
Inner fluid 1500mls 1000kg/m3 0.024m
Tool
Toote) 4185 m/s 2100m/s 7700kg/m3 0.085m(Composite)
Outer fluid 1500m/s ------- 1000kg/m3 0.llm
Formation 4660m/s 2640 m/s 2100kg/m3 oo
Table 2.1 LWD lab borehole model used in theoretical modeling
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2.2.1 Monopole modes
For an axi-symmetric monopole source, the period equation will yield
the following wave modes:
Pseudo-Rayleigh wave: Pseudo-Rayleigh only exits in a formation with
a shear wave velocity higher than the fluid acoustic velocity (Cheng and
Toks/Oz, 1981; Tang and Cheng, 2004). As Fig 2.2 shows, the Pseudo-Rayleigh
wave is strongly dispersive and has a cutoff frequency below which it cannot
exist. Its phase velocity peaks at the formation shear velocity at the cutoff
frequency and drops to the fluid velocity at high frequencies. We can see the
1st and 2nd order Pseudo-Rayleigh wave modes in our borehole models.
Stoneley wave: Stoneley wave is the interface wave traveling along the
borehole interface. The Stoneley wave, unlike Pseudo-Rayleigh, exists in both
fast and slow formations and at all frequencies. Its phase velocity increases
with frequency in fast formation. The introduction of the steel tool will reduce
the low-frequency limit of the Stoneley phase velocity considerably.
Monopole tool mode: The property of tool mode largely depends on the
material and geometry of the tool. For our experimental tool, the monopole
tool mode only exits in the low-frequency range with a phase velocity faster
than the formation shear velocity.
2.2.2 Dipole modes
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Flexural wave: The flexural wave in a fast formation has similar
characteristics as the Pseudo-Rayleigh wave in the monopole case (Fig. 2.3),
attaining the formation shear velocity at low frequencies.
Dipole tool mode: For our experimental tool, the dipole tool mode exists
in the whole frequency range and has a very low velocity limit at the
low-frequency end.
Higher order modes: When the excitation frequency is very high, it is
easy to excite the higher order modes such as the hexapole modes. These
higher order modes have cutoff frequencies and their phase velocities decrease
when frequency increases (Chi et al., 2005).
2.3 Seismoelectric phenomena in a borehole
The idea of using borehole seismoelectric measurements to characterize
rock formation in-situ was suggested by Ivanov (1940). The advantage of
borehole seismoelectric logging over existing formation evaluation methods, is
its ability to detect fluid flow in a porous formation induced by a pressure
gradient (Mikhailov, 1998). Experimental studies of electrokinetic conversions
in fluid-saturated borehole models have been carried out by Zhu and Toksoz
(1996, 1997, 1999, 2003) and Zhu et al. (1999, 2000). Field measurements of
electric fields induced by a borehole Stoneley wave were made by Mikhailov
et al. (2000) to detect fractured (permeable) zones intersecting the borehole.
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Two kinds of seismoelectric phenomena of which one is the localized electric
field and the other is the radiated electromagnetic (EM) wave are predicted by
theory and verified by experiments.
2.3.1 Localized electric field induced by acoustic wave in
homogenous permeable formation
When seismic waves propagate through a homogenous fluid-saturated
porous media, the pressure gradient will cause the movement of fluid and the
excess charge in the pore fluid (Mikhailov, 1998, 2000). The induced current
produces an electric field localized around the wave pulse. The electric field
occurs synchronously with the seismic waves. Thus, this localized electric
field has a velocity of the seismic wave (Zhu et al., 1997, 1999; Mikhailov,
1998).
2.3.2 Electromagnetic wave induced by acoustic wave at an
isolated fracture
When the seismic waves propagate through an interface between two
different porous media, a radiating electromagnetic wave will be generated at
the interface. In this case the incident seismic waves cause an unbalanced
dynamic charge separation, serving as the source for the radiated
electromagnetic waves (Haartsen and Pride, 1997). These EM waves originate
from the boundaries separating layers of different elastic or electric properties.
- 32-
They propagate with the EM velocity in the formation, which is "infinite" as
compared with the seismic velocity. EM waves generated by Stoneley waves
at an isolated fracture have been observed in laboratory experiments (Zhu and
Toks6z, 1998). Field recording of this electromagnetic wave has been reported
by Mikhailov (1998).
2.4 Experimental setup for multipole acoustic LWD
measurement in a scaled borehole
In LWD multipole acoustic logging, both the source and the receiver
transducers are tightly mounted on the drill collar. This attachment results in
the receivers recording a tool mode propagating along the drill collar. The tool
mode can interfere with the acoustic fields propagating along the formation.
To simulate the LWD measurement, we built a scaled multipole acoustic tool
composed of three parts: the source, receiver, and a connector (Zhu et al.,
2004). Working in the ultrasonic frequencies the tool is put into a scaled
borehole to measure the monopole and dipole acoustic waves, in one case with
the connector and in the other case without. In the following sections, we
explain the structure of the scaled tool and its working combinations.
2.4.1 Structure of a scaled multipole tool
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Our laboratory LWD tool includes three sections: the source, the
receivers, and the connector. Both the source and receiver acoustic transducers
are made of PZT crystal disks of 0.635cm in diameter and 0.37cm in thickness.
The dimension of the tool is shown in Fig 2.4.
The source is made of four separate crystal disks shown in the B-B
profile of Fig 2.4. The arrows on the disks indicate their piezoelectric
polarization. Each disk has two electrodes attached to it; the eight electrodes
are connected to a switch. Using the switch to change the electric polarization
applied on each crystal disk, we can achieve a working combination to
simulate a monopole or dipole source.
The receiver section is composed of six pairs of crystal disks at six
different locations. The polarizations of each disk pair are shown in the A-A
profile of Fig 2.4.
The connector section is made of a steel pipe threaded at each end. The
source and receiver sections are tightly connected by this steel pipe to simulate
the drill-string connection in LWD. For some of the experiments, we removed
the connector in order to eliminate the tool modes which propagate from the
source section, through the connector, to the receiver section.
2.4.2 Working configurations of the tool
By changing the electric polarization of the source PZT disks and by
combining the signals received by the receiver disk pairs, we are able to mimic
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Fig 2.2 Dispersion curves for monopole wave modes in LWD lab borehole
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Fig 2.3 Dispersion curves for dipole wave modes in LWD lab borehole
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Fig 2.4 Schematic diagram of the scaled multipole logging tool. The arrows indicate the
polarization of the PZT disks (Zhu et al., 2004).
a working system of acoustic logging sources. When the piezoelectric
polarization of the source transducer is consistent with the positive pulse of the
source signal, the phase of the acoustic wave is also positive. The polarization
of the received acoustic field is the same as the piezoelectric polarization of
the receiver transducer. The working combinations of monopole and dipole
systems are shown in Fig 2.5.
During measurements, we used a switch to change the working mode
from monopole to dipole. This allows us to conduct the multipole logging
without changing or moving the tool position. Therefore, the experiment
results can be compared under the identical conditions.
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Fig 2.5 Schematic diagram of the working modes of the multipole logging tool. The "+" and "-"
indicate the polarization of the electric signals in the source and the polarization of the PZT
crystals in the receiver (Zhu et al., 2004).
2.4.3 Experiment borehole model
The experiment borehole we use is an isotropic hard formation -
sandstone. The sandstone block has a length of 30cm, a width of 29cm, and a
height of 23cm. The diameter of the borehole is 1.7cm. The P- and S-
velocities are all higher than the borehole fluid velocity. All the velocities are
shown in table 2.1. Schematics of the borehole model are shown in Fig 2.6.
2.5 Experimental setup for multipole seismoelectric LWD
measurements
To measure the seismoelectric signal, we need to change the receiver
section from acoustic transducers to electrodes. The electrodes used for this
experiment are point electrodes of .Omm in diameter. Thus, each electrode on
the electrode array can only detect the electric field around it.
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ReceiverSource
Vp=4660uOi s
Vs=--2640n1 s
Fig 2.6 Laboratory borehole model (Vp stands for the formation P wave velocity and Vs stands
for the formation S wave velocity).
The multipole tool used to measure seismoelectric signals is also
composed of three parts: source, receiver and connector. The source section
and the connector are exactly the same in structure and size as in the acoustic
case. The only change is the replacement of the array of the six pairs of
transducers by an array of six pairs of electrodes spaced at the same interval.
The holes in which the electrodes are imbedded are filled with sand and glued
by epoxy. The surface is covered with conducting glue and connected to the
steel tool. The acoustic transducer is embedded in the logging tool as shown in
Fig 2.4 to measure the acoustic pressure at the tool rim. The electrodes are
protruding from the tool surface (Fig 2.7) and are close to the borehole wall to
measure the strength of the localized electric field at the borehole wall.
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Fig 2.7 Schematic diagram of the scaled lab multipole tool in seismoelectric measurement.
2.6 Experiment mechanism and procedure
2.6.1 Electric double layers in LWD measurements
It is generally accepted that the electric double layer (EDL) is the basis
for the electrokinetic conversion (Pride and Morgan, 1991; Loren et al., 1999).
For our sandstone borehole model, an EDL is developed at the borehole wall.
When the acoustic waves hit the borehole wall, a localized electric field is
generated and the electrode detects this electric field. Since the conductivity of
the borehole fluid is very low, the recorded voltage between the electrode and
ground can represent the electric field generated at the borehole wall. The
difference between rock and metal is that the former has strong intrinsic
dipoles while the steel can sustain only a weak induced dipole (Bockris and
Reddy, 2000; Hunter, 2001). As a result, the double layer is much weaker in
intensity in case of steel than in case of rock. In the seismoelectric signals,
what we record is purely the electric field excited by the formation acoustic
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waves propagating along the borehole wall and with the apparent velocities of
formation acoustic modes. No electric component propagating at the apparent
speed of tool wave can be observed in the electric signals.
2.6.2 Laboratory measurement procedure
Before starting an experiment the sandstone borehole model with a
vertically drilled hole is lowered into a water tank. The source and receiver
sections are put into the borehole from two sides with, or without, the
connector in place. The source side is connected to a high voltage generator
and the receiver side to a preamplifier and a filter before being displayed on an
oscilloscope. The working system is shown in Fig 2.9. The High Power Pulse
Generator generates a square pulse with a duration of 10us. This means that
the source wavelet is a square wave with a center frequency of 100 kHz. The
excitation voltages for the measurements vary between 5 volts and 750 volts.
The sampling rate is 500 ns. For each trace we record 512 points. The filter
range set from 300 Hz to 500 kHz is broad enough to include all the dominant
acoustic and electric modes.
We first measure the monopole and dipole tool modes for calibration of
our laboratory tool. Then we take measurements in the borehole to record
monopole and dipole acoustic waves when the tool is operated with or without
the connector. After finishing recording of the measurements for the acoustic
signals, the acoustic receiver transducers are replaced by electrodes to make
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the seismoelectric measurements. We first put the grounded tool into the water
tank again to test if any seismoelectric signal can be observed. In the end, we
focus on the seismoelectric signal in the sandstone when the tool is used with
or without the connector.
In total seven different measurements are made and all signals are
analyzed in both time and frequency domains using a semblance method. The
waveforms and analysis results will be presented in the following sequence in
Chapter 3:
() tool waves in the water tank
(9) acoustic signals without the connector
() acoustic signals with the connector
() seismoelectric signals with the grounded tool in the water tank
) seismoelectric signals without the connector in sandstone model
( seismoelectric signals with the connector in sandstone model
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Fig 2.9 Schematic diagram of the experiment working system (The source wavelet from the High
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Chapter 3
Analysis of laboratory experiment
acoustic and seismoelectric signals
In this Chapter we analyze the acoustic and seismoelectric signals obtained in
our laboratory experiments to achieve three objectives: 1) study of the acoustic
LWD signal generated by our scaled lab tool in the lab borehole geometry; 2)
understanding the seismoelectric phenomena in the LWD process; 3)
investigating the potential application of the LWD seismoelectric signals. First
we introduce an array processing method used to analyze the recorded acoustic
and seismoelectric signals and a noise reduction method to analyze the electric
signal. We then assess the impact of tool modes on LWD acoustic
measurements. Finally, we observe the difference between LWD acoustic and
seismoelectric signals and make use of the seismoelectric signal as a filter to
separate out the tool modes from the formation acoustic modes in acoustic
LWD signals.
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3.1 Array processing methods in time and frequency
domain
Modem acoustic logging tools contain an array of receivers for
recording acoustic waveform data (White and Zechman, 1968; Cheng and
Cheng, 1996; Tang and Cheng, 2004). Array processing methods can be used
to detect the various wave modes embedded in the waveform and calculate
their velocity dispersion characteristics in a borehole. We use the semblance
method to analyze the experimental data. This method can be applied in both
time and frequency domains (Rao et al., 1999, 2005).
3.1.1 Time domain semblance
Time domain semblance algorithm searches for all arrivals received by
the array and locates the appropriate wave arrival time and slowness values
that maximize the coherent energy in the array waveforms. The coherence is
defined as (Kimball and Marzetta, 1984)
(T+T ) N 2j XmI (t + s(m - l)d) dt
p(s,T)= T m=l1
N XXm (t + s(m -l)d)dt
T m=l
The acoustic array is composed of Nreceivers with a spacing of d.
Xm (t) represents the acoustic time signal at the m th receiver. A set of time
windows defined by the center position T and length T is applied to the
waveforms. The time window slides through the waveform at a certain time
- 44 -
increment (usually half of the Tr). For a range of values of arrival time and
slowness, the scalar semblance is computed for the windowed portion. We can
find some values of T and s, say (sk,Tk), which maximize the semblance
coherence function and obtain a semblance surface in the time-slowness plot.
These peak semblance values mark the arrival time and the slowness of the
acoustic wave modes in the array data (Tang and Cheng, 2004).
3.1.2 Frequency domain semblance
Frequency domain semblance is commonly used to estimate the velocity
dispersion characteristics of the guided waves from array wave data. I use the
method developed by Nolte et al. (1997) and Rao et al. (1999, 2005) to weight
the semblance (or coherence function) of the array data. This method
processes a frequency by weighting the data over neighboring frequencies and
searches the peak of weighted semblance function over a range of slowness
values to find the actual number of wave modes. The spectral semblance is
defined as (Tang and Cheng, 2004)
N
X n (w) n
n=l
12 = 1
where z = exp(-icsd), s(co) is the slowness at frequency co and d is the
receiver spacing, the total expression for z denotes the wave propagation.
The wave mode traveling at a distinct slowness sk (o)across each receiver in
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the array is Xn, () = hk zk-' = hk (w) exp(-iosk (n - 1)d) where hk(0O) the
amplitude of the kth wave mode. Maximizing p(w,s) as a function of Sk for
different frequencies will generate the dispersion curves. To enhance the data
information and reduce noise, we first resample the spectral data to obtain
denser data points and then try to maximize a weighted semblance function
defined as
l+m
F(o, s)= W (jtOm)P(C).s) (3.3)
j=I-m
where w, stands for the re-sampled frequency, W(wj,w) is a Gaussian
weight function given by
(, m o )2
W(coj, m) exp( 22 ) (3.4)
The number of neighboring points to be weighted over is controlled by a.
Usually a is set to be 4A), where Ao is the increment of re-sampled data.
3.2 Noise reduction in seismoelectric data
The electric data in the experiment is recorded by the point electrodes
exposed in water. The signal is rather weak, therefore can be contaminated by
the ambient electric fields (Butler and Russell, 1993, 2003; Russell et al.,
1997). This ambient noise not only contaminates the electric waveforms but
also reduces the ability of the semblance method to recognize the wave modes.
In order to reduce noise and enhance the signal to noise ratio (SNR) of the
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electric signal, steps need to be taken both during the data collection process
and during analysis.
To reduce random noise, we sum the repeated measurements. The
averaging function of the oscilloscope is used for summing. Each trace in
electric array data is the average of 512 sweeps. Good shielding to eliminate
the outside noise is also very important for weak signal detection. Some good
practices include the following: effectively grounding the computers,
oscilloscope, and the shielding line of the point electrode; placing the
transducers and electrodes completely in water; shutting down unnecessary
electric sources; grounding the water tank, etc.
Besides random noise, we also have a large synchronous signal from the
source and a DC component in the electric recordings. This synchronous
signal is large in amplitude and appears in front of the wave train so that a lot
of useful modes may be buried in the large noise. Fortunately, the source noise
does not have a phase move-out over the receiver array, while the
seismoelectric signals do. We can subtract the mean value of the six source -
receiver offsets traces from each individual trace to eliminate this noise. The
DC component can be eliminated with a high-pass filter for each trace
seperately. The recorded seismoelectric signals before and after noise
reduction are shown in Fig 3.2 for the monopole case and Fig 3.3 for the
dipole case. All the traces in Fig 3.2 and 3.3 are normalized with the same
scaling factor.
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3.3 Tool waves in the water
In order to understand the properties of monopole and dipole tool modes
of our specific scaled multipole tool, we first conduct measurements by putting
the tool with and without the connector into the water tank, in the absence of a
borehole and formation, as shown in Fig 3.1. Case A has been studied by Zhu
et al. (2004) and we do not repeat it here. Since the acoustic impedance
difference between the steel and water is large, no tool wave can be recorded
when the connector is not present.
D~
WaterI __ c__i~~ 
(A) (B)
Fig 3.1 Measurements in a water tank without (A) or with (B) connector (Zhu et al., 2004).
In case B, we make the measurements in water tank with the connector
and obtain the monopole tool wave (speed at 3500m/s) and the dipole tool
wave (speed about 800m/s). These results are consistent with the theoretical
dispersion curves we calculated in Fig 2.3 and Fig 2.4. The waveforms of
monopole and dipole tool modes and their time domain semblances are shown
in Fig 3.4.
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Fig 3.2 Seismoelectric signals before (left) and after (right) noise reduction for monopole.
.0 005 01 0.15 02 0.25 0 0.05 0.1 0.15 02 0.25
Fig 3.3 Seismoelectric signals before (left) and after (right) noise reduction for dipole.
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Fig 3.4 Monopole (a)(left) and Dipole (b)(right) tool wave waveforms and their time domain
Semblance. (Vt stands for lab tool wave velocity.)
3.4 Acoustic signals, tool without the connector in the
borehole
To validate our scaled lab tool and its working combinations we perform
logging measurements in the water-saturated sandstone borehole using the
tool without the connector. The waveforms and time and frequency domain
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semblances of the monopole and dipole modes are shown in Fig 3.5 and Fig
3.6, respectively.
From the monopole waveforms in Fig 3.5, we can observe the early
arriving P- and a S-waves corresponding to the peaks in the time domain
semblance. Following the early arrivals are the dispersive wave trains,
including the Pseudo-Rayleigh wave and the Stoneley wave. The Stoneley
wave is relatively weak in this case because the transducer used in the
experiment has a high frequency response while the Stoneley wave energy
mostly concentrates in the low frequency range.
The dipole waveforms are much simpler than monopole waveforms. A
dispersive flexural wave can be observed with a speed lower than the
formation shear velocity in the time domain semblance and approaching the
formation shear velocity at the low frequency.
3.5 Seismoelectric signals with the tool in the water
To understand the EDL at the steel fluid interface more intuitively, we
measure the seismoelectric signals by putting the scaled multiple tool in the
water tank. This is exactly the same setup as the measurement of tool waves in
the water with the connector shown in (Fig 3.3B). The electric signals
generated at the steel water interface are shown in Fig 3.7A for the monopole
tool wave and Fig 3.7B for the dipole tool wave.
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The electric records taken at the tool water interface are very weak due
to the low density of the EDL at the steel water interface and the grounding of
the steel tool. Fom the time domain semblances of those seismoelectric signals
at the steel fluid interface in Fig 3.7C and 3.7D, no mode is observed. Thus,
the LWD seismoelectric signal should contain no tool mode contribution.
3.6 LWD acoustic and seismoelectric signals in the
sandstone borehole
At this point, we have validated our scaled laboratory tool as a
multipole acoustic source, studied the acoustic property of the laboratory tool,
now we will focus on the difference between the LWD acoustic and
seismoelectric signals in the sandstone borehole model. As pointed out
previously, the seismoelectric signal excited in the acoustic LWD process
should contain no signals with the apparent velocity of the tool modes.
We now examine the two kinds of signals for monopole (Fig 3.8) and
dipole (Fig 3.9) excitations using time domain and frequency domain analysis.
The theoretical dispersion curves calculated in Chapter 2 are superposed on the
frequency domain semblance to help identify various wave modes. From the
acoustic waveform we can clearly see a monopole tool wave coming between
P and S wave and a low frequency dipole tool wave coming in the late part of
the wave train. In the time domain semblance we can observe the peaks at the
monopole and dipole tool waves. In the seismoelectric data, tool modes do not
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exist. This is especially clear in the frequency domain semblance, where the
monopole and dipole tool modes are absent. These results show that by
measuring the seismoelectric signal during the logging-while-drilling process,
we can potentially eliminate the effect of tool modes.
Based on the experiments, we have two ways to eliminate tool waves:
one is to remove the connector between the source and the receiver, the other
is to collect the LWD seismoelectric signals. By comparing the LWD acoustic
and seismoelectric signals collected with the connector to the acoustic signals
taken when the tool was without the connector, as shown in Fig 3.10 and Fig
3.11, we can see the usefulness of seismoelectric measurements. Collecting the
seismoelectric signal is a good way to remove the tool modes in real LWD.
3.7 Application of seismoelectric signal induced in
acoustic LWD
Based on the laboratory experiments we conclude the following:
LWD acoustic signal = Formation acoustic waves + Tool waves + Noise
LWD SEL signal = Formation acoustic wave induced electric signals + Noise.
In field acoustic LWD operation, the tool modes can have velocities close to
the formation velocities for some formations. Therefore, the detection of
formation arrivals can be hampered by tool mode contamination. When the
LWD tool departs from the centralized position, the tool contamination can be
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Fig 3.5 Monopole acoustic waveforms and their time domain semblances when the tool works in
a sandstone borehole without connector. (Vp stands for formation P wave velocity, Vs for
formation S wave velocity, and Vf for fluid velocity; P means P wave, S means S wave.)
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Fig 3.6 Dipole acoustic waveforms and their time, frequency domain semblances when the tool
works in a sandstone borehole without connector. (Vp stands for formation P wave velocity, Vs
for formation S wave velocity, and Vf for fluid velocity; F means formation flexural wave.)
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Fig 3.7 Monopole (A) and Dipole (B) seismoelectric waveforms and their time domain
semblance (C) and (D) at the steel-fluid interface
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for formation P wave velocity, Vs for formation S wave velocity, and Vf for fluid velocity; P means
P wave, S means S wave, T means tool wave. The superposed lines in frequency semblance
correspond to the various monopole modes indicated in Chapter 2.)
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- 58 -
-
(a)
/F
(b)
u ' oI t.f
i-
(C)
Fig 3.11 Dipole LWD acoustic (a) and seismoelectric signal (b) and acoustic signal taken when
the tool works without connector (c) (F means formation flexural wave, T means tool wave).
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even more complex. The seismoelectric signal in the LWD process, do not
contain tool mode induced electric signals. Given that the LWD acoustic and
seismoelectric (SE) signals are different in content, we can use the SE signal to
filter the acoustic signal to eliminate the tool modes. The idea can be
illustrated in Fig 3.12.
i high
I '
H I-,
I VV
Fig 3.12 LWD acoustic and seismoelectric signal coherence
We calculate the correlation coefficient between the frequency spectra
of the acoustic and SE signals to measure coherence. There are several reasons
for this to be done in the frequency domain instead of the time domain. 
The time series can be decomposed into a finite number of frequency
components. In the frequency range where the formation acoustic wave modes
exist, the waveforms overlap better. In other frequency ranges where the
waveforms differ greatly due to the different modes content, it is difficult to
find the correlation between the two signals. There exists a phase shift of
r /2 between acoustic and seismoelectric signals as predicted by the
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governing equations for the coupled electromagnetics and acoustics of porous
media (Pride, 1994, see from equation 4.4). () In the acoustic record, it takes
time for the main acoustic energy to propagate from the borehole wall to the
receiver transducer at the fluid acoustic velocity. While the propagation time
for the electric signal can be ignored due to the high EM wave speed. Thus, it
is more difficult to compare the two signals in time domain than in the
frequency domain.
To find the coherence in frequency domain, we first apply the fast
fourier transform (FFT) to calculate the spectra of the two signals, which is the
average of the spectra of the six traces in both signals. We then calculate the
correlation coefficients of the two frequency curves defined by
E (A - A)(Bm -B)
r= m (3.6)
(A,,, - A)2 (Bm - B)2
where A=mean(A), B =mean(B), m is the index of the sampling point in
frequency domain. A moving window is used to scan the spectra of the two
signals simultaneously. The correlation coefficient of that window is set as the
coherence value for the center frequency of the window. After obtaining a
coherence curve (Fig 3.13 b, 3.14 b), we use it to design a zero-phase filter to
be applied to the acoustic signal. A time domain semblance for the filtered
data is then computed. We can see clearly that the filtered data contains only
formation acoustic modes (Fig 3.13 c, 3.14 c). Other benefits of this filtering
method include the reduction of noise in the acoustic signal as well. To further
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demonstrate these benefits, we detect the peaks in the acoustic and
seismoelectric signal spectra and calculate the corresponding wave velocity of
those frequency peaks. We find that in the frequency range with low coherence
the wave velocities are also different, which means the wave modes are
different.
The coherence curves and the filtered results are shown in Fig 3.13 for
monopole excitation and Fig 3.14 for dipole excitation. In Fig 3.13, ST stands
for Stoneley wave, T stands for monopole tool wave. In Fig 3.14, F stands for
dipole flexural wave, T stands for dipole tool wave. The monopole coherence
curve is similar to a high pass filter, which is consistent with the fact that
monopole tool wave exists in the low frequency range as indicated in Chapter
2. The dipole coherence curve is similar to a band pass filter.
The above analysis illustrates that by correlating the LWD
seismoelectric signal with the acoustic signal, we can pick out formation
acoustic modes from the LWD acoustic measurement and reduce the noise.
This is a very significant result for extracting the formation arrivals from
real-time LWD field data that may be contaminated by noise from drilling,
mud circulation as well as the complex tool modes.
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Figure 3.13 (a) Monopole acoustic (left) and seismoelectric (right) waveforms; (b) monopole
acoustic (line with arrow "T") and seismoelectric (line with arrow "ST"). Fourier amplitude spectra
(left) and coherence as a function of frequencies (right); (c) monopole unfiltered acoustic (left)
and filtered (right) waveforms; and (d) their time domain semblances. (T means frequency peak
due to tool wave, ST stands for Stoneley wave).
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Figure 3.14 (a) Dipole acoustic (left) and seismoelectric (right) waveforms; (b) dipole acoustic
(line with arrow 'T") and seismoelectric (line with arrow "F") Fourier amplitude spectra (left) and
coherence as a function of frequencies (right); (c) dipole unfiltered acoustic (left) and filtered
(right) waveforms; and (d) their time domain semblances. (T means frequency peak due to tool
wave, F stands for Flexural wave).
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Chapter 4
Theoretical modeling of the LWD
seismoelectric signal
In this chapter, we apply the Pride's governing equations into the LWD
geometry to develop a theoretical model for the LWD-acoustic-wave induced
electric field. Both the acoustic pressure and the electric field strength are
calculated by matching the acoustic and electric boundary conditions at the
three boundaries in our LWD model. The synthetic acoustic and electric
waveforms calculated in a slow formation under the dipole excitation clearly
demonstrate the absence of the dipole tool modes. It also helps us to
understand the relationship between the acoustic pressure and the converted
electric field strength as given out in Pride's equations. Finally, we carry out
numerical calculations for our laboratory measurements, described in Chapter
3, in order to compare the experimental and theoretical results. A consistent
conclusion, which is the absence of the tool modes in the LWD
seismoelectric signals, can be drawn in both experimental and theoretical
results.
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4.1 LWD-acoustic-wave induced electric field along the
borehole in a homogenous, elastic formation
In this section we develop a theoretical model to simulate the
seismoelectric effect during the LWD process in a borehole. The modeling
was performed for an isotropic, homogenous elastic formation and both axially
symmetric (monopole) and axially non-symmetric (dipole) sources.
4.1.1 Modeling the acoustic wave propagation in
logging-while-drilling
The presence of a logging tool in the borehole will modify the excitation
and propagation characteristics of the borehole acoustic waves (Tang et al.,
2002; Huang, 2003). To model the acoustic wave propagation in the
logging-while-drilling (LWD) configuration, we use the acoustic theory for a
multi-layered system. The tool body is made of steel, its elastic moduli and
density are much higher than those of the borehole fluid. The dimension of the
source on the acoustic tool cannot be ignored, thus we use an acoustic ring
source instead of point source in the LWD modeling.
The geometry of the borehole and the logging tool is shown in Fig 4.1.
The axial direction is z; radial direction is r. The borehole formation is a
homogenous, elastic formation. The acoustic logging tool is modeled as a
cylindrical structure with the outer radius (tool OD) r2 , a multipole ring
source is constructed by a distribution of the point sources along the tool rim.
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Both the source and receivers are located at the tool outer radius where
rsource = rreceiver = 2 . By summing the contributions of all these point sources, the
resulting radial displacement at the source location can be expressed in the
wave-number domain as (Tang and Cheng, 2004)
u = E, (-nK, 1 (fr2 ) / r2 - fKn (fr2 ))I (fr2 ) cos(n(O - 0)) (4.1)
z Z RING SOURCE
Fig 4.1 Geometry of the borehole and logging tool in the modeling. ( r, r2r 3 indicates the inner
fluid, tool outer layer and borehole radius respectively. )
Here, En is 1 for n =0, and 2 for n >0 where n is the azimuthal order
number with n =0,1,2 corresponding to monopole, dipole and quadrupole
source, respectively. In and Kn(n = 0,1,...)are the modified Bessel functions
of the first and second kind of order n . f = (k2 -k2 is the radial(f ) sterda
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wavenumber, where k is the axial wavenumber and kf = / .; t0 is the/ f
angular frequency and af is the fluid acoustic velocity. The cylindrical
coordinate (r,0, z)is used and 0 is a reference angle to which those point
source location are referred.
Finally, we apply the acoustic boundary conditions (see detail in
Appendix A) to the three boundaries (inner fluid tool inner layer, tool outer
layer outer fluid, outer fluid borehole wall) and a Ricker wavelet of the form
(Aki and Richards, 1980)
S() = e (4.2)
to calculate the pressure waveform at the rim of the tool.
4.1.2 The converted electric field along a borehole wall
When a fluid electrolyte comes into contact with a solid surface (such as
our borehole wall), anions from solution absorb to the solid surface leaving a
diffuse distribution of excess cations in a region of near the wall. This region is
known as the electric double layer (Pride and Morgan, 199; Bockris and Reddy,
2000). When a pressure gradient is applied to the tube surface (borehole wall),
the excess charge in the double layer carried along by the fluid flow will give
rise to a streaming electric current (Mikhailov, 1998, 2000; Zhu et al., 1999).
The streaming current produces an electric field. In turn, this electric field
drives a conductive electric current in opposition to the streaming current. The
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total electric current density is the sum of the streaming current and the
conduction current.
According to Pride's theory (1994, Appendix B; Pride and Haartsen,
1996), the elastic field is coupled with the electromagnetic field. The coupling
between the acoustic and electromagnetic field in a porous media can be
expressed by
J = eoE + L(-Vp + w2pfu) (4.3)
- iow = LE + (-Vp + co2pfu) K/r, (4.4)
where, J is the total electric current density, E is the electric field strength,
u is the solid frame displacement, w is the fluid filtration displacement and
p is the pore fluid pressure. L is the coupling coefficient, Pf and are the
density and the viscosity of the pore fluid, K and a are the dynamic
permeability and conductivity of the porous medium respectively, MJ is the
angular frequency. The detailed expressions of L, K are given in Appendix C
derived by Pride (1994). In our numerical simulation, the L value is
calculated by using a porous formation with the medium parameters listed in
the table C. 1 in Appendix C.
Under the assumption that the influence of the converted electric field on
the propagation of the elastic waves can be ignored (Hu et al., 2000; Hu and
Liu, 2002; Chi et al., 2005), we can further reduce the equation (4.4) to
- iww = (-Vp + Co2pf U) K/ri (4.5)
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We can express the electric field as the gradient of the electric potential
E = -V¢. (4.6)
Taking the divergence of equation (4.1) and using equation (4.6) with
the generalized Ampere's law, we can have
J = cE + L(-Vp + w 2pfV ·u) (4.7)
Since .u = 2(o, where p is the displacement potential of the gradient field,
equation (4.7) can be written as
V 20 = (L/U) (-V 2p + 02pf V 2 (p) (4.8)
To solve the equation (4.8) in the wavenumber domain, we get
0 = A. Kn(kr) + (L/la)(-p + w2p (p) (4.9)
where k is the axial wavenumber, Kn(kr) is the modified Bessel function of
nth order and A is the unknown coefficient for the electric field to be
decided by the electric boundary conditions.
When the formation is homogenous and elastic, we can deduce the
relationship between the coupled acoustic field potential and the electric field
potential by deleting the pore pressure term in equation (4.9) and get
= A Kn(kr) + (L/a)cO2pf(P. (4.10)
4.1.3 The converted electric field along the elastic borehole wall
and in the borehole with the LWD geometry
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using the expression of the displacement
potentials in the elastic formation which is the 4th layer as indicated in the
appendix A can be expressed as:
04 = B4Kn (kP 4r)
(4.11)X4 = D 4Kn (ks4r)
r4 = F4Kn (ks 4r)
and the displacement potential 04 is the in equation (4.8), (4.9) and
(4.10).
In terms of potentials, the radial displacement component ur in the
elastic formation can be expressed as:
4r = 1 a4 arv'
ar r aO araz
(4.12)
Combing the (4.11) and (4.12), we can get
nUr = B4K (kp4 r)+-DK,(ks 4 r)+iks 4F4K(ks 4r).
r
Substituting (4.11) into (4.10) and (4.13) into (4.7), using the relationship
in (4.6), we can get the expression for the potential
and the streaming current density
0wa,,, radial strength E rwaI
Jwal of electric field along the elastic
borehole wall
(4.14)
(ks4 r)]
Under the quasi-static assumption, the electric field in the borehole satisfies
the Laplace's equation (Hu and Liu, 2002), the solution for the potential flu,
radial strength Erflu and the streaming current density Jflu is
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(4.13)
0wall = AKn (kr) + (L/c)o 2pf B4Kn (kP 4r)
- awall -AK 2E = ar =-AKf(kr)-(L/o)(O pfB 4Kf (kp4r)
Jwall = -rAK' (kr) + L 2pf Ln D4Kn (ks4r) + iks4F4 K'
In the LD geometry,
flu = BIn (kr) + CK n (kr)
E-flu- ar -BI /(kr) -CK(kr) (4.15)flu = r (4.15)
=-u - = [BI (kr) + CK'(kr)]
Jflu = - o r n n
where B and C are the coefficients to be decided by the electric boundary
conditions as well.
4.1.4 Electric boundary conditions in the LWD seismoelectric
conversion
To solve the three coefficients A, B and C in the above expressions for
the converted electric fields along the borehole wall (equation (4.14)) and in the
borehole fluid (equation (4.15)), we apply the following three boundary
conditions. On the borehole wall where r = r3, we have
wall = flu
0.'1waII =otflu (4.16)
J wall Jflu
At the tool surface where r= r2 , we use the condition that the radial current
density or the radial electric field strength (since they only differ in the
multiplication of a conductivity) is equal to zero
Eflu (r2 ) =O. (4.17)
Substituting equation (4.14) and (4.15) into the three boundary conditions,
we could rewrite the boundary conditions in the matrix formation as following
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-I (kr) LA- (L/')co2pr-D 4Kn (ks4r) + ks4F4K (s4r)
I(kr2) Kn (kr) + I (kr) - Kn (kr) Lr 4| K(kr2) n A
(4.18)
From equation (4.18), we could get A and B after we solve the acoustic
coefficients B4 , D4 and F4 by applying the LWD acoustic boundary
conditions as indicated in Appendix A. Electric coefficient C can be
calculated by substituting B into equation (4.17). Once A, Band C are all
determined, the electric field both along the borehole wall and within the
borehole fluid can be determined.
4.2 The synthetic waveforms of the LWD acoustic and
seismoelectric signal
The synthetic waveforms for the monopole, dipole acoustic and
seismoelectric signals are calculated in both fast and slow formation in this
section. For the acoustic waveforms, we calculate the acoustic pressure on the
rim of the logging tool. For the electric signal, we calculate the electric field
strength at the borehole wall. As we measure in the laboratory experiment, we
use the acoustic transducer imbedded in the tool surface to record the acoustic
pressure at the tool rim. The electrodes protruding from the tool surface, very
close to the borehole wall, measure the converted electric field strength at the
borehole wall.
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4.2.1 The borehole geometry and medium parameters in the
modeling
To further compare the theoretical model results with the lab experiment
measurements, the borehole geometry parameters we use are scaled to the lab
borehole. The formation properties are the same as the lab formation. The four
layer model we use to simulate the LWD process is listed in the table 4.1. A
scaling factor of 17 is used to scale the lab tool to the real LWD tool. The
source wavelet in the experiment is a square wave with a center frequency of
100 kHz. Scaling the 100kHz center frequency to the modeling, we use a
Ricker wavelet with the center frequency of 6kHz as a source. The formulae in
both acoustic and electric calculations are expressed in the wavenumber
domain, thus we use the discrete wavenumber method (Bouchon and Schimitt,
1989; Bouchon, 2003) to do the modeling.
4.2.2 Synthetic acoustic and electric waveform comparison
Figure 4.2 shows the calculated monopole waveforms of the acoustic
pressure at the tool rim and the converted electric field along the borehole wall
in the slow formation described in the table 4.1. The center frequency of the
source wavelet is 6kHz. The acoustic waveforms (plotted in the solid curves)
and the electric waveforms (plotted in the dotted curves) in figure 4.2 at six
different receiving locations are normalized to the largest amplitude of the
acoustic and electric waveforms at the 1st trace respectively. The figures are
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scaled back to the lab borehole tool scale with the first trace located at
z = 0.098 m and the spacing is 0.012 m as shown in fig 2.4.
The radiating electromagnetic (EM) wave (A-A) arrives at each receiver
simultaneously due to the high electromagnetic wave velocity. (B-B) is the
dipole tool wave, which arrives second. (C-C) and (D-D) are formation
compressional wave and formation flexural wave respectively. Each acoustic
mode has a corresponding converted electric field, except the dipole tool wave
(B-B). This can be observed more clearly in figure 4.3 which is an expanded
time scale version of the wavetrain in figure 4.2. To further prove the
relationship between acoustic pressure and the converted electric field strength
as shown in equation (4.4), we compare the time derivative of the acoustic
signal (solid curves in figure 4.4) and electric signal (dotted curves in figure
4.4). Figure 4.5 is the enlarged view of the first half part of the three traces
which is indicated by the window in figure 4.4. A perfect match between the
time derivative of the acoustic signal and the electric signal can be found in
both figures.
4.2.3 Consistency of the theoretical model with the laboratory
measurements
Figure 4.6 and figure 4.7 shows the calculated monopole and dipole
waveforms using the fast formation parameters of our lab experiment. Solid
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curves are the acoustic signals and the dotted curves are the electric signals.
(A-A) is the radiating electromagnetic wave in both figures.
In figure 4.6, (B-B) is the formation compressional wave, (C-C) is the
monopole tool wave and (D-D) represents the formation shear wave, (E-E) is
the Stoneley wave. We use the same semblance method to analyze the wave
modes in the acoustic and electric waveforms as we did for the experiment
data. The time domain semblances for the monopole acoustic and electric
waveforms are shown in figure 4.8 and figure 4.9 respectively. The absence of
the monopole tool mode which is indicated by the first big block in figure 4.8
can be observed very clearly in the semblance of the electric signal (figure
4.9).
The same phenomena can be observed for the dipole case. In figure 4.7,
(B-B), (C-C), (D-D) are the 1st order dipole formation flexural wave, dipole
tool wave and 2 d order dipole formation flexural wave, respectively. The
absence of the dipole tool mode, which is indicated by the second big block in
figure 4.10, can be observed very clearly in the semblance of the electric signal
(figure 4.11).
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P-velocity S-velocity Density Outer radius
Inner fluid 1500m/s 1000kg/m3 0.024m
Tool(Composite) 4185 m/s 2100m/s 7700kg/m 3 0.085m(Composite)
Outer fluid 1500 m/s 1000kg/m 0. O.1 lm
Fast
Fast 4660m/s 2640 m/s 2100kg/m 3 ooFormation
Slow
Slow rm2000m/s 1000m/s 2100kg/m3 ooFormation
Table 4.1 LWD lab borehole model used in acoustic and seismoelectric modeling
- 77-
0 0.05 0.1 0.15 0.2 0.25
Time (ms)
Fig 4.2 The dipole waveforms of the normalized acoustic pressure (solid curves) and the
normalized electric field strength (dotted curves) for slow formation (A, B, C, D indicate the
different arrivals described in the text).
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Fig 4.3 The first part of the dipole waveforms of the normalized acoustic pressure (solid curves)
and the normalized electric field strength (dotted curves) for slow formation (A, B, C indicate the
different arrivals described in the text)..
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Fig 4.4 The dipole waveforms of the time derivative of the normalized acoustic pressure (solid
curves) and the normalized electric field strength (dotted curves) for slow formation.
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Fig 4.5 The enlarged view of the window in figure 4.4.
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Fig 4.6 The monopole waveforms of the normalized acoustic pressure (solid curves) and the
normalized electric field strength (dotted curves) for laboratory fast formation (A, B, C, D, E
indicate the different arrivals described in the text).
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Fig 4.7 The dipole waveforms of the normalized acoustic pressure (solid curves) and the
normalized electric field strength (dotted curves) for laboratory fast formation (A, B, C, D indicate
the different arrivals described in the text).
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Fig 4.8 The time domain semblance of the monopole acoustic waveforms in figure 4.6. (The
three circles indicates the monopole tool wave, shear wave and stonely wave respectively from
top to bottom.Compressional wave is not very clear in this figure. Vp stands for the formation P
wave velocity, Vs for S wave velocity, Vf for fluid wave velocity.)
Trme (ms)
Fig 4.9 The time domain semblance of the monopole electric waveforms in figure 4.6. (The three
circles indicates the monopole compressional wave, shear wave and stonely wave respectively
from the top to bottom. Vp stands for the formation P wave velocity, Vs for S wave velocity, Vf for
fluid wave velocity.)
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Fig 4.10 The time domain semblance of the dipole acoustic waveforms in figure 4.7. (The three
circles indicates the 1 st order dipole formation flexural wave, tool wave and 2 nd order formation
flexuraly wave respectively from the above to the bottom. Vs stands for formation S wave
velocity. Vf for fluid wave velocity.)
Vf
'M'
Time (es)
Fig 4.11 The time domain semblance of the dipole electric waveforms in figure 4.7. (The two
circles indicates the 1st order dipole formation flexural wave and 2nd order formation flexuraly
wave respectively from the above to the bottom. Vs stands for formation S wave velocity, Vf for
fluid wave velocity.)
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Chapter 5
Conclusions
In this thesis we studied the electric fields induced by borehole monopole and
dipole LWD acoustic waves both experimentally and theoretically. We
developed laboratory experimental set-up and procedures as well as processing
methods to enhance the recorded seismoelectric signal. We also developed a
Pride-theory-based model for the acoustic wave induced electric field in the
LWD geometry. A suite of acoustic and seismoelectric measurements are
made to demonstrate and understand the mechanism of the borehole
seismoelectric phenomena, especially under LWD acoustic excitation. The
numerical simulations were made for the same mechanism and borehole
geometry to further support the experiment results
We measured both acoustic and seismoelectric signals under exactly the
same settings in our scaled laboratory borehole . The acoustic property of the
scaled experimental tool and the formation response were examined first to
validate the tool's characteristics. Theoretical velocity dispersion curves were
calculated and compared with the experimental data, and the effect of tool
modes on the acoustic LWD signal were illustrated. We compared
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experimental LWD acoustic and seismoelectric signals in both time and
frequency domains. The difference between these two signals are the tool
modes. We showed that the tool modes can be filtered out using a filter
designed from the coherence curve of the two signals.
From both the experimental and theoretical study, the following two
conclusions can be reached:
1. LWD seismoelectric signals do not contain contributions from tool
modes.
2. By correlating the LWD seismoelectric and acoustic signals, we can
effectively separate the real acoustic modes from the tool modes and improve
the overall signal to noise ratio in acoustic LWD data.
This thesis has taken the first step towards understanding borehole LWD
seismoelectric phenomena. With future improvements in both theory and
instrumentation, seismoelectric LWD could evolve into a robust logging
method routinely used in the not-too-distant future.
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Appendix A
Layered model and boundary
conditions in the LWD acoustic
modeling
To model the acoustic wave propagation during logging-while-drilling (LWD),
we have to take the effect of the drill collar into consideration. An acoustic
logging tool can be modeled as a cylindrical structure in the borehole (Tang et
al., 2002b). In total, four layers construct the LWD model of which the
geometry is shown in Fig 4.1. The Thomson-Haskell propagator matrix
method is used to connect the wavefield through the layers (Schmitt, 1988).
Cylindrical coordinates (r, 0, z) are used in the calculations. The radius
of the inner fluid layer is r,, tool radius is r2, the borehole radius is r3, and
the formation is an infinite homogenous elastic formation. Both the source and
receivers are located at the tool outer radius, where rsoure = rreceiver = r2
The displacement potentials for each layer can be expressed as
following in the axial wavenumber k- domain,
inner fluid layer: = eikz! f2 AI(kpir)cos(n(-0)) (Kn(r - 0) O oo)
(A. 1)
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rigid tool layer:
outer fluid layer:
formation layer:
02 = eikz 1 r) [A2In (kp2r) + B2K (kp2r)]cos(n(O- ))
X2 =e ikzl( f ° f [c2 In(ks 2 r) + D2 Kn (ks 2 r)]sin(n(6- ))
F2 = e f- [E2I (ks2 r) + F2K (ks2r)]cos(n(O -¢)
l3 = eikzi- f2° ) [A3In (kp3r) + B3Kn (kp3r)]cos(n(8 -¢)
n02 = eikz ) B4K (kp4r) cos(n(O - ))
2= eikz ° D4 Kn (ks4 r)sin(n(O - )) (In (r -> oo) -> oo)
Futer fiikz F fr)
=eikz( fr ° F4Kn (ks4r) cos(n(0 - ))2= n!, 2 /
(A.4)
where j, Xj and r are the compressional, vertically polarized shear wave
and horizontally polarized shear wave potential of the jth layer respectively;
n is the azimuthal order number with n =0,1,2 corresponding to monopole,
dipole and quadrupole source, respectively; In and Kn (n = 0,1,...) are the
modified Bessel functions of the first and second kind of order n; co is the
angular frequency; kpj = and ksj =- are the compressional and shear
wavenumber for the jth layer; and aj and /j are the compressional and
shear velocity, respectively. The cylindrical coordinates (r, 0, z) are used where
0 is a reference angle to which the point source locations are referred to. And
Al, A 2 , B2 , C 2 , D 2, E 2 , F 2, A3 , B3 , B4 , D4 , F4 are the total 12 coefficients to be
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(A.2)
(A.3)
decided by the acoustic boundary conditions for the 4 layers indicated by the
subscripts.
Applying the unbounded boundary conditions to the three boundaries in
the LWD geometry, we can solve for the 12 unknowns in equations (A.1) to
(A.4). The boundary conditions are the continuity of the radial displacement u
and stress element rra, and the vanishing of the other two shear stress
elements ArO and arz. The radial fluid displacement u and stress element
,,rr can be expressed as
u =e n! ifr) cos(n(s - 0)(A, [- nIl 1 (kr) / r + kI (kr))I, (kr)] + B, [- nK_ 1(kr) I r - kK, (kr)])
a = e XfPJ cos(n(O - ) -pf 2 [AnIn (kr) + BnKn (kr)]
'r -' n! 2
(A.5)
Thus, the radial fluid displacement u, and u3 and stress element r,rr, and
Orr3 can be obtained from the above expression by involving the coefficients
Al, A3, B3 for the inner and outer fluid layer.
A propagator matrix is calculated to connect the wavefield in the
adjacent layers. The displacement-stress vector can be defined as:
S =(u, v,w, arr, r a rz )T (A.6)
where superscript T stands for transpose, and we can have
S = TX (A.7)
where X= (An,Bn,Cn,Dn,En,Fn)T . T is a complex 6x6 matrix whose
elements can be found in Schmitt (1987). This results in
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inner fluid - tool boundry: T,
A2
B2
C2tool - outer fluid boundary: r 2 D2
E2
F,
A2
B2 U,
D2C= ri (A.8)
E2 
F 2
U source U 2[0 jU2]
+ (A.9)
0 
[ o
0
outer fluid - borehole boundary: T3 = rr2 (A.10)
D4 O
0 0
F4
where Tj is the propagator matrix for the jth layer. Since the acoustic ring
source which is described in detail in section 4.1.1 is placed on the rigid tool
rim, we have to add a source displacement term to the tool radial displacement
(White et al., 1968). The expression of the source displacement Usource is given
in equation (4.1).
Equations (A.8) through (A.10) can be combined to form a 12x12
matrix. By solving this 12x12 matrix, all 12 unknowns to describe the
acoustic fields in the 4 layers for the LWD model can be determined.
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Appendix B
Pride theory for the coupled
electromagnetic and acoustic fields of a
fluid-filled porous medium
Coupled acoustic and electromagnetic fields in a homogeneous porous
formation may be described by Pride's governing equations (Pride, 1994). For
a harmonic field with time dependence of exp(icot), the coupling between
mechanical motion and electric field is expressed as
J = oE + L(-Vp + 2 pfu) (B.1)
- icow = LE + (-Vp + w2pfu) K/17 (B.2)
where J is the total electric current density, E is the electric field strength,
u is the solid frame displacement, w is the fluid filtration displacement and
p is the pore fluid pressure. L is the coupling coefficient, pf and are the
density and the viscosity of the pore fluid, K and are the dynamic
permeability and conductivity of the porous medium respectively, andO is the
angular frequency. Detailed expressions of L and K are given in Appendix C.
In the frequency domain, u, w, and E obey the following set of
equations (Pride and Haartsen, 1996):
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(H - G)VV *u + GV2u + ()2pu + CVV w + 02Pf = O
CVV. u + 2 + +MVV w+ 0 2 w-LE = (B3)
VV. E - V2E - 02uE + io3 PLw = 
where is the permittivity of the formation, £ =E+i-/cLo is the
effective electrical permittivity of the formation, p is the density of the
formation, =ir/(oJ k) is the effective density for the relative flow, G is
the shear modulus of the formation, and H, C, and M are porous medium
moduli. The formation parameters p, H, C, and M can be expressed as
P = (1- O)p, + Opp
H = Kb + 4G/3 + (K, - K) 2/(D - Kb ), (B.4)
C = K, (K - Kb)/(D - K),
M = K,2/(D - Kb),
where D = K, [l+(K /Kf -1)], and 0 is the formation porosity, K and Kf
are the bulk moduli of the solid grain and the fluid and p and Ps are the
densities of the grain and fluid.
Once u, w, and E are know, all the other quantities can be determined.
The magnetic field can be determined by Faraday's law,
B = -i (V x E)/c. (B.5)
And the magnetic field strength H can be obtained by
H =B/Iu (B.6)
where u is the magnetic permeability of the formation.
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Appendix C
Expressions for the coupling coefficient
and dynamic permeability K
The dynamic permeability K and the electrokinetic coupling coefficient L
that appear in equations (B. 1) and (B.2) are very important to the
electrokinetic phenomena. Both are frequency dependent. When L goes to
zero, Pride's equation separates to Maxwell's equations for an electromagnetic
field, and Biot's equations (Biot, 1962) for a mechanical field in porous media.
The expressions for L and K are as follows
K(CO) 0)1 i4 
Ko 0e m] 0c
(C. 1)
L(O) -i 2 2
Lwhere the D arcy perme4 Ansition
where K is the Darcy permeability, wc = /la_,,p~o f is the transition
frequency from viscous flow to inertial flow, ao is tortuosity, m is a
dimensionless parameter defined as m = A 2/K,O and is assumed to be 8 in
our calculation, A is the characteristic pore size, = /rwps is the viscous
skin depth, is less than or equal to the Debye length d,
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d d< d =kBT/e2z 2N
where e is the fluid permittivity, kB is the Boltzman
absolute temperature, e is the electric charge, z is the ionic valence of the
solution, and N is ion concentration and defined as N = 6.022x 1026 xmolarity .
L0 is the low frequency limit of the coupling coefficient which can be
determined by experiments as done by Li et al. (1995) and expressed as
(C.3)Lo a 0 A 
cro ) A
where S is the zeta potential on the slipping plane and a is a constant
assumed to be 2 in my calculation.
Pride and Morgan (1991) find an expression for based on
experiments as follows,
5 = 0.008 + 0.026 log10 (C) (C.4)
where c is the molarity of the solution.
The porous medium properties used in my calculation are given in table
C. 1 where eo is the permittivity in the vacuum.
Porosity Ks Solid Solid Vp Solid Permeability
(%) (GPa) density (m/s) Vs (darcy)
(kg/m3 ) (m/s)
Slow formation 20 35 2600 2000 1200 1
Pore fluid density = 1000 (kg/m3) Pore fluid viscosity =0.001 Pa .S
Pore fluid permittivity = 80 o Formation permittivity = 4 o
Table C.1 Medium properties used in the calculation of the coupling coefficient L
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constant, T is
(C.2)
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